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sures	 availability	 of	 a	 warm	 roosting	 environment	 for	 nonvolant	 juveniles.	
Homeothermy	may	also	 represent	a	 lifesaver	 for	bats	 roosting	beneath	 loose	bark,	
very	exposed	to	predators,	because	homeothermic	bats	may	react	quickly	in	case	of	
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1  | INTRODUCTION
Conspecifics	 often	 share	 identical	 physiological,	 ecological,	 and	 be-

















represent	 the	main	 reason	 for	communal	 roosting	or	nesting	 (Kerth,	
Ebert,	&	Schmidtke,	2006;	Williams	et	al.,	2013).	Heterotherms	that	
are	endotherms	that	exhibit	reversible	decreases	in	metabolic	rate	and	
body	 temperature	 in	 response	 to	 low	 temperatures	 or	 limited	 food	
availability	 (McKechnie	&	Mzilikazi,	2011)	 reduce	 the	cost	of	arous-
als	 through	 social	 thermoregulation	 by	 obtaining	 heat	 from	warmer	
group	mates	 that	 began	 to	 arouse	 earlier	 (Arnold,	 1993;	Blumstein,	






Summer	 torpor	might	 have	detrimental	 effects	 on	 reproduction,	








Thompson,	 1988)	 leading	 to	 the	 hypothesis	 that	 social	 thermoreg-
ulation	 is	especially	 important	 for	pregnant	and	 lactating	 females	 to	
save	energy	 (Pretzlaff,	Kerth,	&	Dausmann,	2010)	 and	provide	non-
volant	 young	 with	 a	 warm	 roosting	 environment	 (Sedgeley,	 2001).	
Consequently,	females	of	almost	all	temperate	bats	spend	the	summer	
communally	in	maternity	colonies	(Altringham,	2011;	Kerth,	2008a).
Although	 colony	 size	 is	 often	 large,	 in	 tree	 cavities	 this	 is	 con-
strained	by	the	limited	space	available,	so	bats	that	roost	in	trees	com-
monly	 form	small	 social	 subunits	 scattered	across	 large	 forest	 areas	
(Russo	et	al.,	2016).	Tree-	dwelling	bats	also	switch	roosts	frequently,	
to	 maintain	 social	 relationships	 (Fortuna,	 Popa-	Lisseanu,	 Ibáñez,	 &	
Bascompte,	 2009;	Willis	&	Brigham,	 2004),	 decrease	 parasite	 loads	
(Reckardt	 &	 Kerth,	 2007),	 or	 memorize	 the	 location	 of	 alternative	
roosts	(Fleischmann	&	Kerth,	2014;	Russo,	Cistrone,	&	Jones,	2005):	





medium-	sized	vespertilionid	 occurring	 in	Europe,	N	Africa,	 and	Asia	
(Figure	1),	mostly	uses	spaces	beneath	flaking	bark	 (Russo,	Cistrone,	







is	 common	 in	 forests	 and	 subject	 to	 a	 faster	 turnover	 than	 “safer”	
shelters	such	as	woodpecker	holes	or	rot	cavities	(Russo	et	al.,	2004).	
Barbastella barbastellus	 frequent	 roost	 switching	 (Russo,	 Cistrone,	
&	Jones,	2007;	Russo	et	al.,	2005)	supports	the	view	that	at	 least	 in	






ment	 from	 shifts	 in	 ambient	 temperature	 (Willis	 &	 Brigham,	 2007).	
Social	 thermoregulation	would	 therefore	 play	 an	 important	 role	 for	
bats	using	this	roost	type.
In	this	study,	we	first	test	the	prediction	that	temperature	beneath	




mainly	 influenced	by	a)	 the	presence	of	 roost	mates	and	group	 size	
(hereafter	 called	 the	 “social	 hypothesis”);	 b)	 the	 location	 and	 struc-
tural	 characteristics	 of	 tree	 roosts	 (hereafter	 the	 “tree”	 hypothesis);	
c)	 roost	 cavity	 structure	 (“cavity”	hypothesis);	d)	weather	 (“weather”	
hypothesis),	or	e)	sex,	reproductive,	or	body	condition	(“physiological”	
hypothesis).
Tree-	dwelling	 bats	 often	 exhibit	 fission–fusion	 dynamics	 when	
switching	 roosts	 (Metheny,	 Kalcounis-	Rueppell,	 Willis,	 Kolar,	 &	
Brigham,	 2008;	 Popa-	Lisseanu,	 Bontadina,	 Mora,	 &	 Ibàñez,	 2008),	
meaning	that	at	least	some	roost	mates	maintain	group	cohesion	and	
F IGURE  1 Barbastelle	bat	Barbastella barbastellus,	a	small-	sized	
vespertilionid	found	in	Europe,	Asia,	and	N	Africa
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move	together	 to	a	new	site	 (Kerth,	2008b).	The	decision,	adopted	
through	“unanimous”	or	“majority”	rules,	could	be	signaled	by	swarm-




formation	 transfer.	 Coordination	 among	 socially	 related	 bats	might	







2  | MATERIALS AND METHODS
2.1 | Study area
The	study	was	carried	out	at	the	Abruzzo,	Lazio,	and	Molise	National	
Park	 (41°47′20″N,	13°46′33″E),	 Italy,	 in	a	mountainous	area	of	the	
central	Apennines	of	 ca.	700	ha	dominated	by	a	Fagus sylvatica old 
forest	 where	 previous	 studies	 of	 B. barbastellus	 have	 taken	 place	
(Russo,	Cistrone,	Garonna,	&	Jones,	2010;	Russo	et	al.,	2004,	2005,	










for	2–6	hr	near	 cattle	 troughs	 frequently	 used	by	bats	 as	drinking	
sites	(Russo	et	al.,	2004).	For	each	captured	bat,	we	measured	body	
mass	 and	 forearm	 length,	 respectively,	 with	 a	 digital	 scale	 to	 the	
nearest	0.1	g	and	a	caliper	to	the	nearest	0.1	mm.	Reproductive	sta-
tus	was	ascertained	following	Racey	(1988):	males	were	categorized	
either	 as	 reproductive	 or	 as	 nonreproductive,	 while	 females	 were	
classified,	 respectively,	 as	 pregnant,	 lactating,	 postlactating,	 and	
nonreproductive.
Bats	were	tagged	with	temperature-	sensitive	(LB2XT,	LB2NT,	and	
LB2T,	Holohil	 Systems	 Inc.,	 Carp,	 Canada)	 radio	 tags	 attached	with	
Torbot	 (Cranston,	 Rhode	 Island,	 USA)	 surgical	 cement	 between	 the	
shoulder	blades	after	partly	trimming	the	fur;	tag	mass	was	between	





2.3 | Location of roosts, measurement of roost 
characteristics, and emergence counts
Bats	were	tracked	on	foot	during	the	daytime	to	find	roosts	using	a	
three-	element	 Yagi	 antenna	 connected	 to	 a	 Sika	 receiver	 (Biotrack	
Ltd.,	Wareham,	UK).	Once	 a	 roost	 tree	was	 found,	 its	 location	was	








































of	 the	 tree.	Outer	 temperatures	were	extracted	 from	digital	 images	
with	FLIR	Research	 IR	software.	We	then	fitted	a	power	regression	
model	 including	 outer	 (independent	 variable)	 and	 internal	 (depend-
ent	variable)	temperatures,	respectively	(see	Figure	S1	in	Supporting	
Information).	We	 used	 this	 relationship	 to	 infer	Troost	 from	 thermal	









and	compared	them	with	a	Student’s	 t	 test	 for	paired	observations.	
Roost	insulation	was	expressed	as	the	daily	mean	difference	between	
Troost	and	Ta.







Tskin	 reached	 on	 a	 given	 day.	 Following	 Johnson	 and	 Lacki	 (2014),	
each	response	was	tested	separately	as	the	dependent	variable	in	five	
different	generalized	linear	mixed-	effect	models	(GLMMs),	each	rep-
resenting	 one	 of	 the	 competing	 a	 priori	 hypotheses	we	 formulated	
for	thermoregulation	behavior.	In	all	models,	roost	and	individual	bat	
identities	were	included	as	random	effects.	The	five	hypotheses	were	
then	 ranked	 in	 order	 of	 decreasing	 parsimony	 using	Akaike’s	 infor-
mation	 criterion	 adjusted	 for	 small	 sample	 sizes	 (AICc),	 and	 Akaike	


















2.7 | Roost and social fidelity
We	tested	whether	the	association	among	tracked	bats	arose	from	the	
independent	decision	of	individuals	to	select	favorable	roosts	(passive	
association,	 or	 roost	 fidelity)	 or	 from	 group	 decisions	made	 among	







Kunz	 (2006):	 FID	=	((2*STAY)	−	(1*MOVE))/(STAY+MOVE),	 where	






















lactating,	 postlactating	or	 nonreproductive),	 and	 season	 (classified	
as	 early	 or	 late	 reproductive	 season	 following	 Willis	 &	 Brigham,	







3.1 | Roosts used by B. barbastellus
We	captured	and	tagged	17	adult	B. barbastellus	in	July/August	2016,	
comprised	 of	 five	 males,	 two	 pregnant,	 two	 nonreproductive,	 and	





more	rarely	 in	crevices	 (n	=	14)	or	rot	cavities	 (n	=	1).	Roost	cavities	
were	7.4	±	3.9	m	(range	1.7–17.3	m)	above	the	ground.
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3.2 | Relationship between ambient and cavity 
temperatures
Cavities	beneath	exfoliating	bark	were	poorly	insulated	and	strongly	
affected	 by	 ambient	 temperatures	 based	 on	 the	 small	 values	 of	



















Use	 and	patterns	of	 torpor	were	 influenced	by	 several	variables	
(Table	2).	Namely,	bats	roosting	in	groups	used	torpor	on	fewer	days	
than	 those	 roosting	 alone	 (37.5	vs.	 82.4%	of	 tracking	 days,	 respec-
tively,	p	<	.01).	Bats	 in	 groups	 also	used	more	 torpor	bouts	per	day	
(1.5	±	0.7	 vs.	 1.0	±	0.8,	 p	<	.05)	 as	 well	 as	 shallower	 (2.1	±	2.6	 vs.	
5.2	±	2.5°C;	 p	<	.001)	 and	 shorter	 torpor	 bouts	 than	 bats	 roosting	



















07:00 10:00 13:00 16:00
Time
Thermoregulatory 
response Hypothesis K AICc Δi wi
Torpor	use Social 2 218.9** 0.0 0.971
Physiological 3 220.1* 1.2 0.015
Cavity 4 223.4 4.5 0.009
Weather 2 234.4 15.5 0.004
Tree 5 250.1 31.2 0.001
Numbers	of	torpor	
bouts
Social 2 179.7* 1.1 0.213
Physiological 3 178.6** 0.0 0.556
Cavity 4 189.9 11.3 0.026
Weather 2 189.5 10.9 0.097
Tree 5 200.3 21.7 0.008
Torpor	depth Social 2 315.7** 0.0 0.732
Physiological 3 333.6 15.9 0.100
Cavity 4 319.0* 3.3 0.055
Weather 2 317.7* 2.0 0.111
Tree 5 361.4 45.7 0.002
Torpor	duration Social 2 391.1** 0.0 0.881
Physiological 3 396.6 5.5 0.088
Cavity 4 415.4 24.3 0.015
Weather 2 392.9* 1.8 0.010
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TABLE  2 Results	from	generalized	linear	mixed	models	testing	the	effects	of	social,	roosting	tree,	cavity,	weather,	and	physiological	
characteristics	upon	four	thermoregulatory	responses	of	roosting	Barbastella barbastellus.	*p	<	.05;	**p	<	.01;	***p	<	.001;	n.s. = not	significant
Model Hypothesis Variable Estimate Error Z p
Torpor	use Social Condition −0.33 0.12 9.01 **
Colony	size −0.01 0.02 0.01 n.s.
Tree Elevation 0.03 0.00 5.97 *
Canopy	closure 0.01 0.02 0.41 n.s.
DBH 0.03 0.07 0.02 n.s.
Exposition 0.01 0.01 0.13 n.s.
Tree	height 0.02 0.01 1.18 n.s.
Cavity Roost	type −0.02 0.19 3.96 n.s.
Internal	temperature −0.03 0.03 1.57 n.s.
Roost	height −0.01 0.02 0.01 n.s.
Insulation −0.03 0.05 0.01 n.s.
Weather Min	temperature −0.02 0.02 2.90 n.s.
Precipitation 0.25 0.18 1.49 n.s.
Physiological Sex 0.27 0.19 7.32 **
Reproductive	status −0.20 0.16 0.93 n.s.
Body	condition 0.05 0.05 0.86 n.s.
Numbers	of	torpor	bouts Social Condition −0.35 0.11 3.09 *
Colony	size −0.00 0.04 0.02 n.s.
Tree Elevation −0.01 0.00 5.38 *
Canopy	closure 0.00 0.00 0.09 n.s.
DBH 0.05 0.11 0.03 n.s.
Exposition 0.00 0.00 0.05 n.s.
Tree	height 0.04 0.02 3.44 n.s.
Cavity Roost	type −0.10 0.50 1.28 n.s.
Internal	temperature −0.05 0.05 1.09 n.s.
Roost	height 0.01 0.08 0.26 n.s.
Insulation 0.02 0.08 1.12 n.s.
Weather Min	temperature −0.02 0.03 2.29 n.s.
Precipitation 0.16 0.28 1.49 n.s.
Physiological Sex 0.39 0.30 2.80 n.s.
Reproductive	status −0.12 0.27 0.07 n.s.
Body	condition 0.11 0.08 1.55 n.s.
Torpor	depth Social Condition −1.43 1.36 15.48 ***
Colony	size −0.26 0.14 6.08 *
Tree Elevation −0.36 0.35 1.09 n.s.
Canopy	closure 0.49 0.13 0.03 n.s.
DBH 0.40 0.49 0.15 n.s.
Exposition −0.43 0.48 1.48 n.s.
Tree	height 0.42 0.67 0.00 n.s.
Cavity Roost	type −2.10 0.92 1.60 n.s.
Internal	temperature −0.23 0.13 10.67 **
Roost	height −0.15 0.08 2.36 n.s.
Insulation −0.59 0.23 1.15 n.s.
Weather Min	temperature −0.11 0.10 6.20 *
Precipitation 0.99 0.89 0.80 n.s.
(Continues)
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roost	alone	for	one	and	2	days,	respectively,	during	which	time	they	
used	 torpor	 extensively	 (Figure	4).	 They	 then	 re-	joined	 groups	 that	











3.4 | Roost and social fidelity
Roost	 fidelity	 differed	 significantly	 between	 the	 sexes	 (F1,44	=	4.18,	
p	<	.05):	males	(n	=	11)	were	less	faithful	to	roosts	(0.23	±	0.33)	than	
Model Hypothesis Variable Estimate Error Z p
Physiological Sex 2.76 0.91 10.33 **
Reproductive	status −0.55 0.80 0.41 n.s.
Body	condition 0.45 0.26 2.84 n.s.
Torpor	duration Social Condition −1.66 3.48 4.74 *
Colony	size −0.64 0.33 1.46 n.s
Tree Elevation 0.03 0.00 4.47 *
Canopy	closure 0.02 0.02 1.07 n.s.
DBH 0.78 0.74 0.49 n.s.
Exposition −0.00 0.00 3.64 *
Tree	height 0.05 0.11 0.02 n.s.
Cavity Roost	type −3.05 4.50 0.04 n.s.
Internal	temperature −0.39 0.30 6.81 *
Roost	height −0.18 0.17 2.36 n.s.
Insulation −0.67 0.60 0.08 n.s.
Weather Min	temperature −0.35 0.17 11.96 **
Precipitation 0.52 1.46 0.05 n.s.
Physiological Sex 3.68 2.88 1.00 n.s.
Reproductive	status 0.01 2.70 0.01 n.s.




































05:00 11:00 17:00 23:00 05:00 11:00 17:00
Time
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females	(n	=	42;	mean	roost	fidelity:	0.46	±	0.25)	and	switched	roosts	





that	 switched	 roosts	 one	 to	 four	 times.	Unlike	males,	 that	 typically	
roosted	 alone,	 all	 females	 roosted	 in	 groups,	 including	 nonrepro-
ductive	 individuals	 (n	=	7),	 except	 the	 two	 postlactating	 individuals	
tracked	 in	2016	mentioned	above,	which	roosted	alone	for	one	and	
2	days,	 respectively	 (Figures	6,	7).	Females	sharing	 the	same	groups	
exhibited	a	high	degree	of	association	(0.82	±	0.28;	range	0.33–1.00)	





















05:00 09:00 13:00 17:00 21:00
Time







Barbastella barbastellus and their pups;	at	
least	three	pups	are	visible




4.1 | Summer torpor and homeothermy in 
B. barbastellus
We	found	that	B. barbastellus	alternate	between	torpor	and	homeo-












identical	 to	 those	of	 reproductive	 females,	 counter	 to	our	 expecta-
tions	based	on	individual	physiology	and	energetic	requirements.	We	



















Torpor	 depth	 was	 dependent	 on	 group	 size	 and	 was	 shallower	
for	 larger	 groups	 as	 expected	 because	 these	 led	 to	 greater	 energy	
savings	 (Willis	 &	 Brigham,	 2007).	 Forming	 numerous	 aggregations	
would	 therefore	maximize	benefits,	as	predicted	by	 the	 “group	aug-








torpor	 and	 individual	 physiological	 status	 appears	 more	 acceptable	
for	 lactating	 females,	which	may	 therefore	exhibit	 longer	and	deeper	
torpor	bouts	 than	do	pregnant	 females	 (Dzal	&	Brigham,	2013).	Our	









First,	 advantages	may	be	 indirect,	mostly	 concerning	nonvolant	 juve-
niles,	which	would	attain	a	more	rapid	growth	and	a	larger	body	size	by	
exploiting	the	warm	roosting	microclimate	generated	by	normothermic	
adults	 (Ransome,	 1998;	 Lausen	 &	 Barclay	 2006;	 Russo	 &	Ancillotto,	
2015).	 Lactation	might	 also	explain	 the	occurrence	of	more	 frequent	
torpor	bouts	in	groups,	probably	because	lactating	females	arouse	(and	
interrupt	torpor)	more	frequently	to	suckle	or	groom	the	young.	In	our	

















Pregnant Lactating Postlactating Nonreproductive
Pregnant 1.00	±	0.00	(1) – n.o. n.o.
Lactating 0.90	±	0.22	(4) 1.00	±	0.00	(15) 0.40	±	0.10	(8) –
Postlactating n.o. – 0.40	±	0.10	(2) n.o.
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olfaction	 such	 as	martens	or	 snakes.	Homeothermic	 subjects	 remain	
reactive	so	they	may	quickly	fly	to	escape,	as	was	occasionally	recorded	
in	 response	 to	an	approaching	observer	 (Russo	et	al.,	2004).	The	an-






















roosts	move	more	 often	 than	 those	 roosting	 in	more	 stable	 struc-




















a	 new	 roosting	 site.	 Swarming	 behavior,	 needed	 to	 advertise	 the	
location	 of	 the	 new	 roost	 (Naďo	&	Kaňuch,	 2015),	 also	 occurs	 in	
B. barbastellus	 (Russo	et	al.,	 2005).	Of	 course,	other	 social	 factors	
may	have	influenced	the	onset	of	social	cohesion	in	roost-	switching	
B. barbastellus,	 including	other	forms	of	cooperative	behavior	such	
as	 antipredatory	 (Lind	 &	 Cresswell,	 2005)	 or	 communal	 foraging	















forest	 (Russo	et	al.,	 2010)	or	even	clay	badlands	 (Ancillotto,	Allegrini,	
Serangeli,	 Jones,	 &	 Russo,	 2015;	 Ancillotto,	 Cistrone,	 et	al.,	 2015),	
where	studies	analogous	to	ours	should	be	undertaken	for	comparison.
Kinship	 among	 group	 members	 (Kerth,	 2008b;	 Rossiter,	 Jones,	
Ransome,	&	Barratt,	2002)	or	persistence	of	cryptic	social	subunits	es-
tablished	among	adults	or	at	an	early	 life	 stage	 (Ancillotto,	Serangeli,	
&	 Russo,	 2012;	Ancillotto,	Allegrini,	 et	al.,	 2015;	Ancillotto,	 Cistrone,	
et	al.,	2015)	might	play	an	important	role	in	influencing	social	interac-
tions	and	maintaining	cohesion	and	should	also	be	addressed	in	future	









framework	of	 an	ERASMUS+	 agreement	 between	 the	University	 of	
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